We built a three-dimensional finite element (FE) model to investigate the impact response of fiber-metal laminates (FMLs). This FE model comprises two metal layers as facesheets and a carbon woven fabric-reinforced plastic laminate as inner core. Simulation was performed on ABAQUS/Explicit platform, and stiffness progressive degeneration criteria were implemented to evaluate damages in composites. The Johnson-Cook model was selected to calculate failures in metal, while surface-based cohesive behavior was adopted to simulate the delamination phenomenon. We studied the fiber stacking sequence, panel thickness, and incident angle effect on the impact behavior of FMLs. The critical penetration energy of the FMLs was determined, and the impact parameter history was discussed.
Introduction
Lightweight composite materials are currently finding extensive applications in load-bearing engineering areas. Fiber-metal laminates (FMLs) usually consist of two thin metal layers and continuous fiber-reinforced plastic (FRP) composite laminates. FMLs are novel hybrid composites with high fatigue and impact resistance ability. In real engineering fields, high-velocity impact performance is one of the important safety issues. Even though FMLs could enhance the energy absorption and increase the critical penetration velocity when compared with any of their components [1, 2] , the damage mechanism of FMLs after experiencing the impact event need to be investigated more.
According to the velocity, the impact event can be divided into low-velocity ( ≤ 11 m/s), high-velocity ( ≥ 11 m/s), ballistic ( ≥ 500 m/s), and hypervelocity impact ( ≥ 2000 m/s). All these impact events can result in internal damages in FMLs, which could further cause severe strength and stability reduction of the structure. For the FRP plate in an impact event, internal damage is formed extending beyond the contact area [3] . However, FMLs did not show such an undesirable response [4] . Experiments and simulation researches have investigated the response of FMLs under high-velocity impact tests [5, 6] . Compared with experimental methods, the finite element (FE) approaches appear to be the best technique for analyzing the behavior of composite laminates [7, 8] . Simulation techniques on FMLs under high-velocity impact load rely on four approaches: damage mechanics, fracture mechanics, failure criteria, and plasticity [9] . Development of a reliable FE model to predict FMLs under high-velocity impact load requires the implementation of suitable failure criteria. For damages in composite materials, material and geometric non-linearity are the limiting factors of analytical models [10] . Many criteria are available to detect the failure status of composite laminates, such as maximum stress, Tsai-Wu, and Chang-Chang failure criteria. Among these, the Hashin criteria are the most classical criteria. To describe the elastic-plastic response of the metals, an isotropic constitutive model based on the Johnson-Cook material model is always used [11, 12] . Also, modeling of impacts on FMLs requires understanding the interaction status between composite and metal layers. Even though many methods have been developed for delamination prediction [13, 14] , cohesive-based methods have been frequently applied to study delamination growth [8] .
We developed a model to simulate FML behaviors in high-velocity (V 0 ≤ 500 m/s) and ballistic (500 m/s < V 0 ≤ 900 m/s) impact tests. The FE work was performed by using ABAQUS/Explicit with the assistance of a user-defined subroutine program. We tested the impact performance of the model with initial velocity up to 900 m/s. The effects of fiber stacking sequence, composite layer thickness, and incident direction on the impact performance of the built FE model were investigated.
Simulation method
A three-dimensional (3D) FE model based on the progressive damage theory is developed to simulate failures in FMLs [15] . The flowchart of the subroutine is shown in Figure 1 . This 3D model is based on the Hashin failure criteria that include six different failure modes. In detail, the modes consisted of warp and fill fiber tensile failure, compression failure, and matrix tensile and compression failure of the FRP composites, as listed in Table 1 . In impact simulation, element failure occurs when any of the failure criteria is satisfied (e ≥ 1); then, the element stiffness will reduce to a special percentage of its original value according to Table 2 . When e ftw ≥ 1 and e ftf ≥ 1 appear together, the element will be deleted and cannot further carry load. All the parameters used in the FE model are inputted according to the experimental results in Ref. [16] , as listed in Table 3 . In terms of the interface between metal 
Damage mode Criteria
Fiber tensile damage in warp direction and its neighbor composites, surface-based cohesive behavior (SBCB) was employed to simulate the delamination [17] . The traction-separation damage law of SBCB is shown in Figure 2 . The maximum separation criterion was employed as the damage initiation criteria, which can be represented as max m ax max Max , , 1 .
In terms of interface damage evolution, a scalar damage variable, D, was used to represent the overall damage at the contact point. The contact stress components are affected by the damage according to (1 ) , 0 otherwise (no damage to , , compressive stiffness)
,
where n t , s t , and t t are the contact stress components predicted by the elastic traction-separation behavior.
The Johnson-Cook model [18] was selected to characterize the metal property degradation due to perforation. The model can be characterized by the yield stress as follows:
where A, B, C, 0 δ , m, and n are model parameters; p δ and θ are the equivalent plastic strain and a temperaturedependent parameter, respectively. Failure occurs when the parameter F defined by
reaches 1. In this expression, the equivalent strain to fracture δ f is defined as follows:
where d 1 to d 5 are material constants, which can be determined from experiments; p is the hydrostatic pressure; σ is the von Mises stress; and T is the temperature. Assuming that the loading states do not change too abruptly during deformation, we can assume that d 2 = d 3 = d 5 = 0 as a first approximation. The parameters and material constants of metal in the simulation are listed in Table 4 .
Simulation results and discussion
The FE model with dimension of 50 × 50 mm 2 is shown in Figure 3 . All meshes are of type C3D8R, and the element is an eight-node hexahedral solid brick element. A refinement mesh region was adopted in the potential contact area of the model to catch the results with higher accuracy. 8 /M] increase significantly at V 0 = 500 m/s. This is mainly due to the super in-plane shear stress capacity. At V 0 = 500 m/s, the contact metal surface is perforated and the inner composites layers could bear some impact load.
One of the important considerations in designing FMLs is their perforation threshold velocity (PTV). Figure 6 shows the PTV-t curve of the two specimens. As seen, the curves decline from the initial velocity to 0 m/s. The impact energy of the projectile is fully absorbed by the specimens through various damage modes. However, the PTV of [M/45 8 Figure 7 shows the variation of projectile velocity versus deflection (V-d) under various V 0 . Below PTV, the velocity decreases in a parabolic shape and reaches zero at the maximum displacement. Afterwards, the velocity shows negative values and its absolute value increases with decreasing of displacement. Then, the velocity reaches a constant value, which implies the rebounding of projectile. For V 0 = PTV, the velocity declines directly to 0 after reaching the maximum value, which represents that the specimens are undergoing complete perforation. The V r /V 0 ratio could be used to further describe the behavior of the material under impact load. The V r /V 0 ratio calculated from Figure 7A and B is shown in Figure 7C . Clearly in the figure, the V r /V 0 ratio changes from the negative value to zero with increasing of V 0 . is larger, and it becomes smaller when V 0 is increased. Figure 9 shows the residual and absorbed impact kinetic energy calculated by Newton's law. Tables 5 and 6 . Mainly due to the mismatch of deformation between metal and ± 45° fiber layers, the opportunity of delamination between them is improved.
Ballistic impact response

Damage patterns of FMLs in impact simulation
The damage patterns of [M/90 8 /M] are shown in Figure 11 . major damage mode. With increasing of contact duration between FMLs and projectile, cracks in metal are generated and then propagate to the inner composite layers.
FML thickness effect
In Figure 12 , Figure 15 is the schematic diagram of the incident angle definition. Figure 16 depicts the V-t and d-t curves of [M/90 8 /M] at V 0 = 600 m/s and θ = 10-90°. As seen, no negative velocities are shown. With increasing of θ, the residual velocity (V r ) firstly decreases and then increases. The V r /V 0 ratio as a function of θ is shown in Figure 17A . All the V r /V 0 is positive, and it decreases from 0.75 (θ = 10°) to the minimum value at θ = 50°. Then, the curve shows an increasing tendency. This phenomenon can be explained as follows: with small θ, the projectile is rebounded, attributed to the smaller velocity component in normal direction. With increasing of θ, the panel is penetrated, and the increased traveled path consumes the projectile energy. As a result, the residual velocity is becoming smaller. However, the panel is completely penetrated when θ > 60°, and the energy is absorbed by various damage modes in FMLs. From the d-t curves at various θ, the displacement of projectile shows the same tendency at t = 0.1 ms. The deformation increases with increasing of contact time for θ = 10° and 20°, while it keeps the same level after reaching the maximum for θ = 30°-60°. A comparison of projectile displacement when t = 0.1 ms is shown in Figure 17B . As seen, the displacement for θ = 30°-60° is the smallest among all the specimens. The damage pattern of the contact surface of FMLs after impact is shown in Figure 18 . As seen, when θ = 10° and 20°, the three panels are not penetrated, and the projectile leaves a large broken area. For θ = 30°-60°, the panels are penetrated and an oblique hole on the specimens is found. This is especially obvious for θ = 50°. For θ = 70°, 80°, and 90°, the panel is completely penetrated mainly due to the larger incident energy. The hole shape is circular for θ = 90°; however, it is elliptical instead in oblique impact.
Effect of projectile incident angle on the impact properties of FMLs
Conclusion
We built a 3D FE FML model to simulate the impact test. We implemented a user-material subroutine to evaluate composite damage, the Johnson-Cook material model to calculate metal broken failure, and the SBCB method to simulate delamination. The following conclusions can be drawn: -Under critical penetration velocity, the fiber stacking sequence in FMLs has very limited influence on the impact performance; while above this velocity, 
